Aip3p/Bud6p is a regulator of cell and cytoskeletal polarity in Saccharomyces cerevisiae that was previously identified as an actin-interacting protein. Actin-interacting protein 3 (Aip3p) localizes at the cell cortex where cytoskeleton assembly must be achieved to execute polarized cell growth, and deletion of AIP3 causes gross defects in cell and cytoskeletal polarity. We have discovered that Aip3p localization is mediated by the secretory pathway. Mutations in early-or late-acting components of the secretory apparatus lead to Aip3p mislocalization. Biochemical data show that a pool of Aip3p is associated with post-Golgi secretory vesicles. An investigation of the sequences within Aip3p necessary for Aip3p localization has identified a sequence within the N terminus of Aip3p that is sufficient for directing Aip3p localization. Replacement of the N terminus of Aip3p with a homologous region from a Schizosaccharomyces pombe protein allows for normal Aip3p localization, indicating that the secretory pathway-mediated Aip3p localization pathway is conserved. Delivery of Aip3p also requires the type V myosin motor Myo2p and its regulatory light-chain calmodulin. These data suggest that one function of calmodulin is to activate Myo2p's activity in the secretory pathway; this function is likely the polarized movement of late secretory vesicles and associated Aip3p on actin cables.
INTRODUCTION
Cell polarity is a culmination of a set of process by which cells create specialized domains at their cortex. The ability of cells to initiate, maintain, or modify their polarity is critical to the execution of a number of important cellular functions, some examples of which include cell motility, neurite outgrowth, phagocytosis, epithelial cell differentiation, and asymmetric cell division. The regulation of cell polarity is achieved through the action of a number of regulatory proteins that lead to the assembly of a polarized and specialized cortical actin cytoskeleton. These polarized actin networks are then responsible for mediating the sorting and delivery of factors required to execute and maintain cell polarity; frequently this is achieved by actin-mediated polarization of the secretory pathway.
The simple, single-cell eukaryote Saccharomyces cerevisiae has proven to be an excellent model for the study of the regulation of cell and cytoskeletal polarity (for review, see Pringle et al., 1995; Drubin and Nelson, 1996) . S. cerevisiae displays three related cell polarity pathways: one is an asymmetric cell division called budding, the second is the formation of a mating projection, and the third is the formation of pseudohyphae. In all three cases, extension of the cell surface is preceded by the polarized organization of two actin filament-containing structures: actin cortical patches and actin cables. The actin cortical patches are invaginations of plasma membrane encircled by actin filaments and actinassociated proteins (Mulholland et al., 1994) , and the actin cables are bundles of actin filaments that frequently terminate at or attach to cortical patches. The organization of these actin structures during the budding cell cycle and filamentous growth has been examined by three-dimensional microscopy (Amberg, 1998; Cali et al., 1998) . During the budding cycle the cortical patches at the beginning of G 1 organize into a ring at the presumptive bud site, and the actin cables orient along what will be the long axis of the soon to be budding cell. The bud then emerges through the ring of cortical patches, and soon thereafter cortical patches can be observed in the cortex of the small bud. The cortical patches remain concentrated in the bud until late in the cell cycle, at which time they reorganize into two rings in the neck immediately before, during, and for a short period after septation. These changes in cytoskeletal polarity are preceded by the cell-cycle-controlled localization of several regulatory proteins, including the small GTPases Cdc42p, Rho1p, Rho2p, Rho3p, Rho4p, the formin Bni1p, and Aip3p/ Bud6p. For a more complete description of regulators of yeast cell polarity see Pringle et al. (1995) . The coordinate localization of these proteins and actin to sites of cell growth then leads to polarization of the secretory pathway, allowing for the delivery of large amounts of biosynthetic material for new wall synthesis and plasma membrane insertion. It is commonly believed and well supported that secretory vesicles are moved by motor proteins on the actin cables to the sites of cell growth (Pruyne et al., 1998) , but the role of cortical patches in this process remains unclear.
Several observations have suggested that the relationship between establishing and maintaining a polarized cytoskeleton and a polarized secretory pathway is complex. For example, mutations in the gene encoding profilin, a regulator of actin filament assembly, have been found to display synthetic lethality with mutations in late-acting secretory pathway genes (Haarer et al., 1996) . In addition, it has been observed that cells bearing mutations in secretory pathway genes have severe defects in actin cytoskeleton polarity (Lillie and Brown, 1994; Haarer et al., 1996; Mulholland et al., 1997) , suggesting that an operational secretory pathway is required to maintain or perhaps even to help establish a polarized actin cytoskeleton. Furthermore, Rho1p, a conserved regulator of cell and cytoskeletal polarity, has been found to be associated with post-Golgi secretory vesicles (McCaffrey et al., 1991) .
AIP3 has been identified in two-hybrid screens as encoding a protein that interacts with actin (Amberg et al., 1997) and with the formin Bni1p (Evangelista et al., 1997) and as a gene required for proper diploid bud site selection (Zahner et al., 1996) . Deletion of AIP3 causes severe defects in cell polarity, including depolarization of actin cortical patches, disorganization or loss of actin cables, depolarization of the secretory pathway, and accumulation of secretory membrane intermediates, depolarization of cell growth, as well as defects in septation and nuclear positioning (Amberg et al., 1997) . Actin-interacting protein 3 (Aip3p) localization is regulated during the cell cycle. First it localizes in a cap at the bud site and remains at the tip of the bud until the bud reaches approximately one-third the size of the mother cell body. Later in the cell cycle, Aip3p forms a single ring on the daughter side of the neck. Soon thereafter, a ring of Aip3p forms on the mother side of the neck, and then both rings persist through septation and for a short period after cell separation (Amberg et al., 1997) . This localization pattern is strikingly similar to that for Bni1p, and both proteins also colocalize to the tip of mating projections (Evangelista et al., 1997) . Temporally, Aip3p localization to the bud site and the neck precedes polarization of actin cortical patches and actin cables to these same regions of the cortex, and it has been reported that Aip3p localization cannot be completely disrupted by latrunculin A, a drug that disassembles yeast actin filaments in vivo (Ayscough et al., 1997) . These results indicate that at least some of a cell's pool of Aip3p can be localized by an actin-independent mechanism.
An important problem in cell biology is how the cell cycle apparatus communicates temporal-spatial information to the actin cytoskeleton. We have investigated the mechanism of localization of Aip3p to learn more about how this process occurs. We have discovered that Aip3p delivery to the cell surface is mediated by the secretory pathway. Mutations in genes that disrupt the secretory pathway (either at early or late stages) profoundly affect Aip3p localization. Furthermore, cell fractionation, velocity gradient analysis, and density gradient analyses have shown that a pool of Aip3p is associated with post-Golgi secretory vesicles. The sequences within Aip3p sufficient for secretory pathway-mediated delivery of Aip3p are located within the N terminus of Aip3p and are conserved in a Schizosaccharomyces pombe protein of unknown function. Evidence is presented showing that distinct and conserved interactions are made within the N terminus of Aip3p, arguing for conservation of the mechanism of Aip3p localization. These data may provide a molecular explanation for the complex interrelationship between polarization of the actin cytoskeleton and polarization of the secretory pathway.
MATERIALS AND METHODS

Yeast Strains, Media, and Genetic Methods
Yeast strains are listed in Table 1 . FY23 and FY86 were provided by Fred Winston (Harvard University). Standard methods were used for growth, sporulation, and tetrad dissection of yeast. Yeast transformations were performed by electroporation or by LiOAc.
The PEP4 deletion allele was constructed by double-fusion PCR . The sequences of the primers was as follows: HJo-PEP4-1 (5Ј-ATCAACTGGTTAAGGGAACAGA-3Ј), HJo-PEP4-2 (5Ј-TTAATTAACCCGGGGATCCGACTTTTGCAGCAACTTGGTT-3Ј), HJo-PEP4-3 (5Ј-GTTTAAACGAGCTCGAATTCTTGGCCAAAGC-AATTTGAG-3Ј), and HJo-PEP4-4 (5Ј-GGCCTCCTTAAGCTTGGG-3Ј). The kanamycin resistance marker was amplified using primers F1 and R1 and plasmid pFA6a-kanMX6 as the template (Longtine et al., 1998) . The resulting pep4⌬::Kan r cassette was used to replace PEP4 in strain DBY5889. Loss of Pep4p activity was confirmed using an N-acetyl-dl-phenylalanine ␤-napthyl ester overlay test (Jones, 1977) .
Strain HJY1 was constructed by sporulation and tetrad dissection of strain JCY1364.
Plasmid Constructions and DNA Manipulations
Plasmid pDA254 was constructed by digesting the green fluorescent protein (GFP)-Aip3p-encoding plasmid pRB2190 (Amberg et al., 1997) with SacI (New England BioLabs, Beverly, MA), resecting the overhang with mung bean nuclease and religating the plasmid. Plasmid pDA257 was constructed by PCR amplifying part of AIP3 with primers DAo-GFP/AIP3-1 (5Ј-GAAGATCTATGAAGATGGC-CGTGGAT-3Ј) and DAo-AIP3-13 (5Ј-GCAGATCTTTACCGCTA-ATTGCAGAACCAAA-3Ј), digesting the PCR product with BglII, and ligating it into plasmid pRB2138 (Doyle and Botstein, 1996) , which had been digested with BamHI and dephosphorylated with calf intestinal phosphatase. Plasmid pDA259 was constructed by digesting plasmid pDA257 with BamHI, resecting the overhang with mung bean nuclease, and religating the plasmid. Plasmid pHJ9 was constructed by PCR amplification of AIP3 from genomic DNA using primer Hjo-GFP/AIP3-1.1 (5Ј-GCGGCAGATCTTTGAGG-GAACCACCATCTG-3Ј) and primer HJo-AIP3-2.1 (5Ј-GGCG-CAAGCTTTTAGCCGCTAATTGCAGAACCAAA-3Ј). The PCR product was digested with BglII and HindIII and ligated into plasmid pRB2138, which had been digested with BamHI and HindIII. Plasmid pHJ6 was constructed by PCR amplification of AIP3 from genomic DNA using primer DAo-GFP/AIP3-1 and primer DAo-AIP3-15 (5Ј-GCAGATCTTTATGCGTTTGGAGCATTGTTAG-3Ј). The PCR product was digested with BglII and cloned into BamHIdigested plasmid pRB2138. Plasmid pHJ34 was constructed by PCR amplification of AIP3 from genomic DNA using primer DAo-GFP/ AIP3-1 and primer HJo-AIP3-6 (5Ј-GCGGCAAGCTTTTA-ACGGGTCCCTTCACTACCC-3Ј). The PCR product was digested with BglII and HindIII and ligated into BamHI-and HindIII-digested plasmid pRB2138. The GST-Aip3 fusion encoding plasmid pHJ29 was constructed by PCR amplification of AIP3 from genomic DNA using primer Dao-AIP3-20 (5Ј-GCGGCTAGCGATGAAGATGGC-CGTGG-3Ј) and primer HJo-AIP3-4 (5Ј-GCGCTCGAGTTA-ACGGGTCCCTTCACTACCC-3Ј). The PCR product was digested with NheI-XhoI and ligated into XbaI-SalI-digested plasmid pEG(KT) (Mitchell et al., 1993) .
Plasmid pHJ36 was constructed by PCR amplification of AIP3 from genomic DNA using primer HJo-AIP3-7 (5Ј-GCAGATCT-GAGCTCATGCAGCAAGAGCATCGGATA-3Ј) and primer HJo-AIP3-2.1. The PCR product was digested with BglII and HindIII and cloned into BamHI-and HindIII-digested plasmid pTD125. Plasmid pHJ37 was constructed by PCR amplification of the AIP3 homologue from S. pombe genomic DNA using primer HJo-POM-4 (5Ј-GCGGCGAGCTCATGTTTAATAACGGCGATAA-3Ј) and primer HJo-POM-5 (5Ј-GCGGCGAGCTCGGATTTAACCA-GAGATTGCTT-3Ј). The PCR product was digested with SacI and cloned into SacI-digested plasmid pHJ36.
Cell Fractionation
For the crude fractionations a 250-ml culture was grown to 1-2 ϫ 10 7 cells/ml, and the cells were pelleted, washed with 250 ml H 2 O, and resuspended in 25 ml of 0.1 M Tris, pH 8, plus a protease inhibitor mixture (5 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin A, 1 mM PMSF, 2 mM benzamidine, 1 mM EDTA, 2 g/ml chymostatin). The cells were then passed twice through a French Press (American Instrument, Silver Spring, MD) set at 1200 pounds per square inch on the gauge. The cell extract (the fraction designated T for total) was centrifuged at 12,000 rpm for 20 min at 4°C in a Beckman JA20 rotor/Beckman J2-21 centrifuge (Beckman Intruments, Palo Alto, CA) to create fractions S1 (supernatant 1) and P1 (pellet 1). Five milliliters of fraction S1 were then centrifuged in a Beckman Ti75 rotor/Beckman L8 -70 ultracentrifuge at 35,000 rpm for 1 h at 4°C to create fraction S2 (supernatant 2) and P2 (pellet 2). Samples from each fraction were loaded on SDS-PAGE gels, transferred to nitrocellulose (Bio-Rad, Hercules, CA), and blotted with rabbit anti-GFP antibodies (gift of Pam Silver, Harvard University) diluted to 1:1000, rabbit anti-Snc1p antibodies (gift of Pat Brennwald, Cornell University Medical College) diluted to 1:1000, or rabbit anti-Pma1p antibodies (gift of Amy Chang, Albert Einstein College of Medicine) diluted to 1:500. The Western blots were then developed by incubation in protein A-peroxidase conjugate (Pierce, Rockford, IL) diluted 1:10,000 and Pierce SuperSignal chemiluminescent substrate.
In the sorbitol velocity gradient analysis, strain HJY3 (sec6-4 pep4⌬) was grown overnight at 25°C in YPD to midlog phase and shifted to 37°C for 2 h. Cells (300 U at OD 599 ) were harvested and washed with 10 mM Tris, pH 7.5, 10 mM sodium azide. Cells were converted to spheroplasts (Walworth and Novick, 1987) and lysed in 3 ml ice-cold lysis buffer (10 mM triethanolamine acetate, pH 7.2, 1 mM EDTA, 0.8 M sorbitol, protease inhibitors) in a 7-ml Dounce homogenizer (Wheaton, Millville, NJ) . Cell extracts were clarified by centrifugation at 450 ϫ g for 3 min, and 0.6 ml of the supernatant was loaded on the top of a sorbitol gradient made with 1.22-ml steps of 40, 37.5, 35, 32.5, 30, 27.5, 25, 22.5, and 20% sorbitol (wt/vol) in 10 mM triethanolamine acetate, pH 7.2, 1 mM EDTA. The gradient was centrifuged in an SW40 rotor (Beckman Instruments) at 24,000 rpm for 1 h at 4°C. Sixteen fractions (720 l/fraction) were collected from the top of the gradient, and the pellet was dissolved in the last fraction. Samples from each fraction were loaded on SDS-PAGE gels and transferred to nitrocellulose. Aip3p, Snc1p, and Pma1p were detected as described above for the crude fractionations. For the sucrose density floating gradient, the cell extract was prepared as for the velocity gradient. After clarification of the cell extract, it was adjusted to 60% sucrose (wt/vol), and 1 ml of sample was underlayed in a sucrose gradient made with 1-ml steps of 50, 47.5, 45, 40, 35, 30, 25, and 20% sucrose (wt/vol) in 20 mM triethanolamine acetate, pH 7.2, 1 mM EDTA, protease inhibitors. The gradients were centrifuged in an SW40 rotor at 27,000 rpm for 20 h at 4°C. Thirteen fractions (690 l/fraction) were collected from the top of the gradient, and the pellet was dissolved in the last fraction. Samples from each fractions were loaded on SDS-PAGE gels and transferred to nitrocellulose. Aip3p, Snc1p, and Pma1p were detected as described above for the crude fractionations. Quantitation of the fractionation data was performed by densitometry using ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Microscopy
Microscopic analysis was performed on a Zeiss Axioskop (Carl Zeiss, Oberkochen, Germany) with a Plan-APOCHROMAT 100ϫ objective. Cells were visualized either by differential interference contrast (DIC) or epifluorescence with a standard fluorescein isothiocyanate filter set. Images were captured with a SPOT2 camera (Diagnostic Instruments, Sterling Heights, MI) and downloaded directly into Adobe Photoshop (Adobe Systems, San Jose, CA).
Two scoring strategies were used to quantify GFP-Aip3p localization defects. In one scheme, the percentage of cells with some GFP-Aip3p in the correct location (bud site, bud cortex, or neck cortex) was determined. In the other scheme, the percentage of cells with some Aip3p in the wrong location was determined. In both schemes, 200 -350 cells were scored for each strain.
RESULTS
The Secretory Pathway Is Required for Aip3p Localization
Our interest in identifying proteins at the cell surface involved in Aip3p localization led us to focus our analysis on proteins that display cell cycle-regulated localization patterns similar to that of Aip3p. Likely candidates were the septins; however, we had previously shown that septins were not involved in Aip3p localization (Amberg et al., 1997) , and so we began to focus on other proteins whose localization also has been shown to be septin independent (see Figures 1-3 ). Strains carrying mutations in these genes were obtained and transformed with the plasmid encoding a GFP-Aip3p fusion protein pDAb204. We reasoned that this was a good reporter for Aip3p localization, as we had previously shown that the fusion protein can complement a deletion allele and that its localization is identical to that of the endogenous protein (Amberg et al., 1997) .
The small GTPase Cdc42p is thought to play a central role in establishing cell polarity, and likewise, we found it was critical for GFP-Aip3p localization. cdc42-1 cells expressing GFP-Aip3p were shifted to 37°C and examined over time for GFP-Aip3p localization defects. Interestingly, Aip3p localization was normal in most cells after the temperature shift until they had completed their last cell cycle, at which time the cells arrested in an unbudded state with GFP-Aip3p aberrantly localized in nonpolarized spots and large aggregates. As shown in Figure 1 , we quantified this effect by scoring the percentage of cells able to correctly localize at least some of their pool of GFP-Aip3p, compared with the percentage of unbudded cells in the population. As can clearly be seen, there is an inverse relationship between normal Aip3p localization and the presence of unbudded cells. These observations suggest that Cdc42p behaves like a trigger; once pulled at the start of the cell cycle it is not required again until the start of the next cell cycle.
Next we examined components of the exocyst, a complex of proteins involved in the polarized delivery and fusion of late secretory vesicles to the plasma membrane (Bowser et al., 1992; TerBush and Novick, 1995) . We discovered that mutations in several different components of the exocyst (for Cdc42p is required at start for Aip3p localization. The cdc42-1 strain DBY4934 expressing GFP-Aip3p from plasmid pDAb204 was shifted to 37°C for 3 h. The percentage of cells in the population able to correctly polarize at least some of their pool of GFPAip3p was scored, and the percentage of unbudded cells in the population was scored and both were plotted versus time at 37°C.
H. Jin and D.C. Amberg example, Sec6p and Sec15p) led to severe defects in GFPAip3p localization (see Figure 2D ). We sought to determine whether these defects reflected a general requirement of the secretory pathway for Aip3p localization by examining strains defective in other, nonexocyst components of the secretory pathway. In Figure 2B are shown sec4-8 cells ex- pressing GFP-Aip3p at 37°C. As can be seen, the GFP-Aip3p is largely accumulating in a nonpolarized distribution at the cell cortex and in aggregates that appear to be located in the interior of the cell. This is in contrast to the wild-type congenic control strain shown in Figure 2A . Sec4p is a small GTPase that is associated with late secretory vesicles and is required at late stages of the secretory pathway (Novick et al., 1981; Goud et al., 1988; Kabcenell et al., 1990) . The involvement of the secretory pathway in Aip3p localization was not restricted to late-acting components, as we also found similarly severe (although qualitatively different) defects in mutants defective at early (endoplasmic reticulum to Golgi) stages of the secretory pathway. Figure 2C shows a representative sample of cells carrying a sec17-1 allele, and as can be seen, the GFP-Aip3p accumulated in a few large aggregates that appear to reside in the interior of the cell. We then quantified the defects in Aip3p localization by scoring the percentage of cells that display aberrant GFP-Aip3p localization patterns ( Figure 2D ). This is a slightly less stringent criterion than that used to quantify Aip3p localization defects in the cdc42-1 strain; it reflects the importance of a pathway for proper Aip3p localization as opposed to the necessity of a pathway for the ability to localize any Aip3p. All of the secretory pathway mutants cause misaccumulation of Aip3p in comparison with the wild-type congenic control. Interestingly, all of the sec mutants examined were quite defective for GFP-Aip3p localization even at the permissive temperature of 25°C. This may indicate that the secretory pathway is at least partially compromised at permissive temperature in these mutants and/or that GFPAip3p localization may be a very sensitive reporter of the efficiency of the secretory pathway.
We next examined the potential role in Aip3p localization of several proteins that colocalize with Aip3p (see Figure  3D ). We thought that these proteins were possible candidates for being Aip3p receptors at the cortex. We transformed mutant strains with the GFP-Aip3p-encoding plasmid and scored defects in Aip3p localization ( Figure 3D ). In this case we used the more stringent scoring strategy that was used to quantify the GFP-Aip3p localization defect in the cdc42-1 strain. We reasoned that mutations in a putative Aip3p receptor should be unable to place any Aip3p at the correct location (0% by our scoring strategy). None of the mutants examined met this criterion. However, two additional proteins that are extremely important for proper Aip3p localization were uncovered by this approach: the type V myosin Myo2p and its regulatory light chain calmodulin (Cmd1p). For both genes we observed allele specificity with respect to the severity of Aip3p localization defects. myo2-66 encodes a protein with a mutation in the actininteracting motor domain (Lillie and Brown, 1994) , and the strain carrying this allele had severe defects in Aip3p localization (see Figure 3 , A and D), whereas the tail domain mutant myo2-2, which causes defects in vacuolar inheritance (Catlett and Weisman, 1998) , displayed rather mild defects in Aip3p localization ( Figure 3D ). For calmodulin, the cmd1-231 strain showed Ͻ20% of its cells with some normal Aip3p localization (see Figure 3 , C and D), whereas the cmd1-239 (see Figure 3 , B and D) strain was indistinguishable from the wild-type control strain.
Intragenic complementation between calmodulin mutants has identified four separable functions of yeast calmodulin (Ohya and Botstein, 1994a,b) . In our analysis we looked at mutants from each complementation group (cmd1-231, cmd1-226, cmd1-239, and cmd1-228) and found that the function defined by cmd1-231 seemed most important for Aip3p localization whereas the function defined by cmd1-239 was not important at all. This was not surprising, because the cmd1-239 strain is phenotypically defective for a nuclear function of calmodulin (spindle pole body duplication), whereas cmd1-231 strains are defective for bud emergence. In agreement with the intragenic complementation analysis, we also found that strains bearing a mutation in the same intragenic complementation group as cmd1-231 (cmd1-233) also displayed severe defects in Aip3p localization ( Figure  3D ). Because cmd1-231 encodes for a protein with two phenylalanine to alanine mutations (F89A and F12A), we then asked whether one mutation contributed more than the other to the Aip3p mislocalization phenotype. The cmd1-221 (F12A) strain was most defective, with 34% showing some normal localization compared with 61% for the cmd1-225 (F89A) strain. Furthermore, cmd1-231 and cmd1-233 both share the F12A mutation, providing additional support for the importance of this residue of calmodulin for Aip3p localization.
Finally, it is notable that the Aip3p-interacting protein Bni1p is absolutely dispensable for proper Aip3p localization ( Figure 3D ), and we also have found that Aip3p and the secretory pathway are similarly unimportant for Bni1p localization (our unpublished observations). Therefore, although Aip3p and Bni1p interact with each other and appear to be involved in the same process, they are delivered to the cell surface by independent mechanisms.
Biochemical Analysis of the Aip3p Localization Pathway
Two possible explanations for the importance of the secretory pathway for Aip3p localization are 1) either a need to frequently replenish a putative plasma membrane receptor for Aip3p or 2) that Aip3p is delivered to the cell surface by the secretory apparatus. To investigate these possibilities, we began to fractionate cells to determine whether Aip3p is associated with secretory membranes. Initially, we undertook crude fractionation of cells expressing the GFP-Aip3p fusion protein. Cell extracts were separated by differential centrifugation, first at 15,000 ϫ g for 20 min to create supernatant 1 (S1) and pellet 1 (P1), and then S1 was further fractionated at 100,000 ϫ g for 1 h to create supernatant 2 (S2) and pellet 2 (P2). Samples from the fractions were then separated by SDS-PAGE, transferred to nitrocellulose, and blotted with anti-GFP antibodies or antibodies for other markers ( Figure 4) . As can be seen in Figure 4A , an appreciable amount of GFP-Aip3p (ϳ25%) was consistently detected in the high-speed pellet from wild-type cells. P2 is the microsomal fraction and has been shown to be enriched in late secretory vesicles (Goud et al., 1988) . This was confirmed in parallel experiments in which we detected the late vesicleborne, integral membrane protein Snc1p (Protopopov et al., 1993) (Figure 4D ) as being concentrated in P2. The presence of GFP-Aip3p in P2 was not due to the GFP sequence, because cells expressing GFP alone contained no GFP in the P2 fraction ( Figure 4B ). We were surprised that little if any GFP-Aip3p is detectable in the P1 plasma membrane fraction, even though large amounts of the plasma membrane protein Pma1p were detectable in that fraction ( Figure 4C ). Perhaps these relatively harsh methods destabilize an association between Aip3p and the plasma membrane.
The fractionation behavior of GFP-Aip3p was similar to that of Sec4p (Goud et al., 1988) , a small GTPase that cycles between a cytosolic and peripheral membrane-associated pool . If Aip3p is also cycling on and off secretory membranes, then we reasoned that in late secretory pathway mutants, Aip3p should accumulate in the microsomal fraction. To examine this, we fractionated both wild-type ( Figure 4E ) and sec4-8 ( Figure 4F ) cells expressing GFP-Aip3p after a 90-min shift to 37°C. The temperature shift in wild-type cells, if anything, led to a smaller percentage of the protein in fraction P2. In contrast, in the sec4-8 strain, a greater percentage of the GFP-Aip3p (ϳ1:1 S2:P2) was detected in fraction P2. Because this strain is known to accumulate late secretory vesicles at nonpermissive temperature (Novick et al., 1980) , we believe that this shift of Aip3p into fraction P2 reflects accumulation of late secretory vesicles loaded with GFP-Aip3p.
To preclude any possibility that Aip3p is pelleting at 100,000 ϫ g because it is merely in a large multiprotein complex, we examined Aip3p's sedimentation behavior more carefully by gradient analyses. In these studies we examined endogenous Aip3p from a sec6-4 strain shifted to 37°C for 2 h. This was done to enrich the lysates for late secretory vesicles (Walworth and Novick, 1987) . In previous experiments we had found that endogenous Aip3p was too unstable in cell extracts for biochemical analysis, a problem partially alleviated by fusion of GFP to Aip3p's N terminus (our unpublished observations). For these experiments we constructed a sec6-4 strain deleted for the gene encoding a major vacuolar protease Pep4p (Ammerer et al., 1986; Woolford et al., 1986) . Indeed, deletion of PEP4 solved much of the Aip3p degradation problem. Cell extracts were prepared from spheroplasted cells lysed in a dounce homogenizer. The extracts were clarified by low-speed centrifugation (450 ϫ g) and loaded either onto the top of a sorbitol velocity gradient ( Figure 5, A-D) or the bottom of a sucrose density gradient (Figure 6 ), and fractions were isolated, examined in Western blots, and quantified by densitometry. The sorbitol velocity gradient is optimized for the separation of secretory vesicles from other cell constituents (Brennwald et al., 1994) as confirmed by the sedimentation behavior of the secretory vesicle marker Snc1p (Protopopov et al., 1993) (Figure 5B ). As can be seen in Figure 5A , a pool of Aip3p does cosediment with the Snc1p peak consistent with the idea that some of the Aip3p is associated with late secretory vesicles.
To remove the large peak of nonvesicle-associated Aip3p observed in the top of the velocity gradient (see Figure 5A) , we clarified the extracts by centrifugation at 15,000 ϫ g and isolated microsomes in a 100,000 ϫ g pellet. This fraction was then loaded on the top of a sorbitol velocity gradient and analyzed as described above (Figure 5 , E-G). As can be seen in Panels E-G, microsomal-associated Aip3p cofractionates with the peak of Snc1p.
The argument could be made that Aip3p is not on vesicles but in a complex of a size and shape that would sediment, similarly to secretory vesicles, through a velocity gradient. To convince ourselves that this was not the case, we underlaid the cell extract (adjusted to 60% sucrose) in a 20 -50% sucrose gradient, centrifuged the gradient at 100,000 ϫ g for 20 h to equilibrium, collected fractions, and analyzed the fractions in Western blots (Figure 6 ). In this gradient, cell constituents are separated by density, and membrane-associated proteins should float upward (Diaz et al., 1997; Roberg et al., 1999) . As can be seen, that Aip3p does float upward in this gradient ( Figure 6A ) to the same extent as Snc1p ( Figure  6B ) strongly suggests that Aip3p is in fact lipid/vesicle associated.
Identification of the Aip3p Addressing Domain
Next we sought to identify a minimal sequence within Aip3p sufficient for allowing secretory pathway-mediated localization of the protein. First we constructed a set of Figure 4 . GFP-Aip3p is associated with microsomes. Wild-type cells (A-E) or the sec4-8 strain DBY5894 (F) transformed with the GFP-Aip3p-expressing plasmid pDAb204 (A, C, and D) or the GFP-expressing plasmid pTD125 (B) were grown at 30°C (A-D) or 37°C for 90 min (E and F) to 2 ϫ 10 7 cells/ml. Cells were collected, washed, and lysed in a French Press, and a sample was collected (T). The cell extracts were then centrifuged for 20 min at 15,000 ϫ g, and a sample of the supernatant was collected (S1), the pellet was reconstituted in the original volume, and a sample was taken (P1). The S1 fraction was then centrifuged further at 100,000 ϫ g for 1 h, and a sample of the supernatant was collected (S2). The pellet was reconstituted in the original volume, and a sample was taken (P2). The samples were separated on an SDS-PAGE gel, transferred to nitrocellulose, and blotted with anti-GFP antibodies (A, B, E, and F), anti-Pma1p antibodies (C), or anti-Snc1p antibodies (D). truncation mutants, removing portions of the C terminus of the protein while retaining fusion of GFP to the N terminus of the remaining Aip3p sequence (see Figure 7E) . Expression of the N-terminal 409 amino acids of Aip3p was sufficient for a localization pattern that was indistinguishable from the full-length protein (see Figure 7A ; cf. Figure 2A) . Further truncation from the C terminus (clone pHJ6), into a region conserved with a S. pombe gene (see Figure 8A) , had a noticeable effect on Aip3p localization; much of the Aip3p was localized evenly throughout the cytoplasm, and only a small amount appeared to be properly localized (see Figure  7C ). Finally, we constructed a GFP fusion to the N-terminal 166 amino acids of Aip3p (pHJ34, see Figure 7E ) and found that localization of this fusion protein appeared to be completely cytosolic ( Figure 7D) .
We then constructed a truncation mutant lacking the N terminus of Aip3p (amino acids 99 -478, clone pHJ9, see Figure 7E ). As can be seen in Figure 7B , the protein expressed from this construct localized over the entire surface of the plasma membrane, sometimes with a slightly higher concentration in the neck or bud. This striking result suggests that the N terminus of Aip3p is critical for Aip3p localization and that loss of this sequence either leads to an inability to efficiently target the protein to specific sites at the plasma membrane or defects in retaining the protein at specific sites on the plasma membrane. In either case, secretory pathway-mediated delivery of this protein to the cell surface does not appear to be impaired. Consistent with this assertion, the protein encoded by pHJ9 was associated with microsomes in a crude fractionation experiment to the same extent as the full-length fusion protein, and expression of the truncated protein in secretory pathway mutants led to aberrant, internal accumulation similar to that observed for the full-length protein (our unpublished observations).
The significance of our truncation analysis is threefold. First, we were able to remove (without affecting localization) the region of Aip3p defined by two-hybrid analysis as being sufficient for the Aip3p-Aip3p, Aip3p-actin, and Aip3p-Bni1p interactions (Amberg et al., 1997; Evangelista et al., 1997) , further supporting that these interactions are unimportant for Aip3p localization. Second, in all cases constructs lacking the C terminus of AIP3 were unable to complement Figure 5 . Aip3p fractionates with a late secretory vesicle marker in a sorbitol velocity gradient. The sec6-4 pep4⌬ strain HJY3 was grown to 1 ϫ 10 7 cells/ml and shifted to 37°C for 2 h, and cells were collected. Cells were then spheroplasted and lysed in a Dounce homogenizer. The cell extract was clarified by centrifugation at 450 ϫ g for 3 min, loaded onto the top of a 20 -40% sorbitol gradient, and centrifuged at 71,000 ϫ g for 1 h (A-D), or microsomes were isolated and loaded onto the top of a 20 -40% sorbitol gradient and centrifuged at 71,000 ϫ g for 1 h (E-G). Sixteen fractions were collected from the top of the gradient, and samples from these fractions were separated on SDS-PAGE gels, transferred to nitrocellulose, and blotted with anti-Aip3p (A and E), anti-Snc1p (B and F), and anti-Pma1p (C) antibodies. Densitometry was used to quantify the relative amounts of protein in each fraction (D and G).
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Vol. 11, February 2000the cytoskeletal and cell polarity defects of an aip3⌬ strain, emphasizing the importance of the C terminus for full Aip3p function (our unpublished observations). Third, database searches have identified a S. pombe homologue of Aip3p of previously unknown function (GenBank accession number Z97208). We have named this gene FAT1 for fission yeast AIP three. Fat1p is most similar to Aip3p in ϳ263 amino acids at their N termini (32% identity with p ϭ 4 ϫ 10
Ϫ23
; see Figure 8A ). As discussed above, truncation of this domain of Aip3p from either the N-or C-terminal ends affected Aip3p localization. For these reasons, we believe this sequence motif may identify a conserved set of protein-protein interactions involved in subcellular protein localization.
To address this possibility, we cloned an N-terminal region of Aip3p that displays strong similarity to Fat1p (amino acids 1-166), as a fusion to GST into a 2-m plasmid that can be maintained at extremely high copy levels. The fusion protein, under the control of the GAL promoter, was induced in wild-type cells also expressing GFP-Aip3p, and effects on Aip3p localization were monitored by fluorescence microscopy. The GST-aip3p fusion interfered with normal localization of the full-length GFP-Aip3p in a manner similar to that observed in the secretory pathway mutants. We quantified this effect in the same manner that we quantified the defects in cell polarity mutants and found that when the conserved N terminus of Aip3p was overexpressed, only 8% of the cells were able to localize some their pool of Aip3p normally, compared with 58% of the cells overexpressing GST alone (see Figure 8B ). In addition to causing mislocalization of Aip3p, we also found that overexpression of the Aip3p-addressing domain in a wild-type strain made cells temperature sensitive ( Figure 8C ). Because temperature sensitivity is part of the phenotype of aip3⌬ deletion alleles, we believe that mislocalization of Aip3p is phenocopying the complete loss of the protein (Amberg et al., 1997) .
Finally, we asked whether the N terminus of Fat1p could functionally replace the N terminus of Aip3p for localization. For these experiments, we focused on the first 134 amino acids of Aip3p because it shows the greatest sequence identity to Fat1p (44% identity). First we constructed a GFPaip3p fusion in which the N-terminal 134 amino acids were removed (encoded on plasmid pHJ36). In wild-type cells this fusion protein largely accumulated in the cytosol, with a small amount of the protein accumulating in the buds and bud necks of a few cells ( Figure 9A ). We then examined the localization of a fusion protein in which the N-terminal 134 amino acids of Aip3p were replaced with the N-terminal 175 amino acids of Fat1p (encoded on plasmid pHJ37). In contrast to the truncation mutant, the chimeric protein localized much more like the wild-type, full-length Aip3p (see Figure  9B ). The chimeric protein showed strong localization to the bud and bud neck, a reduction in cytosolic signal over the truncation mutant but some aberrant accumulation in small spots. This experiment indicates that not only is the Aip3p localization pathway conserved, but the protein-protein interactions required for secretory pathway-mediated localization of Aip3p are conserved as well.
DISCUSSION
It is commonly believed that the assembly of a polarized actin cytoskeleton is achieved by concentrating regulators of actin assembly in subdomains at the cell cortex. A complex and poorly understood interplay between these regulators leads to actin assembly and the recruitment of factors that stabilize and specialize the network. One such regulator is Aip3p (Amberg et al., 1997) . Aip3p is critical to the establishment and/or maintenance of a polarized actin cytoskeleton. Spatially and temporally, Aip3p localization precedes actin polarization during the budding cell cycle of S. cerevisiae, and loss of AIP3 leads to gross defects in many (if not all) aspects of cell polarity (Amberg et al., 1997) . Because little is known about mechanisms underlying the polarized localization of regulators of the actin cytoskeleton, we have focused on understanding the mechanism behind the regulation of Aip3p localization. Here we present genetic and biochemical data that strongly support the model that Aip3p is delivered to sights of polarized actin assembly by the secretory pathway.
Aip3p localization was scrutinized in strains mutant for proteins whose localization behavior mimicked that of Aip3p. We examined several such mutants and those that affected Aip3p localization were all tied directly to the Figure 6 . Aip3p fractionates with a late secretory vesicle marker in a sucrose density gradient. The sec6-4 pep4⌬ strain HJY3 was grown to 1 ϫ 10 7 cells/ml and shifted to 37°C for 2 h. Cells were collected and then spheroplasted and lysed in a Dounce homogenizer. The cell extract was clarified by centrifugation at 450 ϫ g for 3 min, adjusted to 60% sucrose, underlaid in a 20 -50% sucrose gradient, and centrifuged at 100,000 ϫ g for 20 h. Thirteen fractions were collected from the top of the gradient, and samples from these fractions were separated on SDS-PAGE gels, transferred to nitrocellulose, and blotted with anti-Aip3p (A), anti-Snc1p (B), and antiPma1p (C) antibodies. Densitometry was used to quantify the relative amounts of protein in each fraction (D).
function of the secretory pathway. These included the bona fide "sec" mutants, sec2, sec3, sec4, and sec6 (see Figure 2) , as well as mutants in the type V myosin Myo2p and its regulatory light-chain calmodulin (see Figure 3) . Some of the secretory pathway components we examined possess a polarized localization pattern like Aip3p, such as components of the "exocyst" (TerBush and Novick, 1995) , the small GTPase Sec4p , and Sec3p (Finger et al., 1998) ; however, we found that early acting Sec proteins, such as Sec14p and Sec17p, The domain structure of Aip3p is displayed in E and compared with regions tested for localization as GFP fusions and regions previously reported as displaying two-hybrid interactions (Amberg et al., 1997; Evangelista et al., 1997; Roemer et al., 1998) .
Secretory Pathway Delivery of Aip3p Vol. 11, February 2000 are also essential for Aip3p localization. This argues that the entire secretory pathway must be operational for normal Aip3p delivery. Mutations in VRP1, SPA2, LAS17, or CDC24 only mildly affected GFP-Aip3p localization, suggesting that they are not directly involved in the Aip3p localization pathway.
MYO2 was first identified as a mutant defective in cell morphology (Johnston et al., 1991) , but the protein it encodes has since been determined to be involved in late secretory vesicle delivery (Lillie and Brown, 1994; Govindan et al., 1995) , probably by transporting late secretory vesicles on actin cables that terminate in the bud (Pruyne et al., 1998) . Our discovery that a MYO2 mutant is defec- Figure 8 . The addressing domain of Aip3p is conserved. The sequence alignment tool BLAST was used to align the protein sequences of AIP3 and an S. pombe gene of unknown function (FAT1, GenBank accession number Z97208; A). The GFP-Aip3p-encoding plasmid pDA278 and the GST-aip3-encoding plasmid pHJ29 were transformed into strain FY86, and the strain was grown either continuously in glucose-containing medium (GLU) or shifted out of raffinose-containing medium into galactose-containing medium for 4 h (GAL), and the percentage of cells able to correctly localize some of their pool of GFP-Aip3p was scored (B). Strain FY86 was transformed with either the GST-expressing plasmid pEG(KT) (Vector) or the GST-aip3p-expressing plasmid pHJ29 (GST-aip3p), and the transformants were grown on galactose-containing plates at 25 or 37°C (C). Figure 9 . The N terminus of Fat1p can function in the secretory pathway-mediated localization pathway. Wild-type strain FY23ϫ86 was transformed with plasmid pHJ36 encoding a fusion of GFP to amino acids 135-478 of Aip3p (A) and plasmid pHJ37 encoding a fusion of GFP to the N-terminal 175 amino acids of Fat1p, followed by amino acids 135-478 of Aip3p (B). The transformants were examined by fluoresence microscopy (left) and DIC microscopy (right).
tive for Aip3p localization indicates that Myo2p must act on Aip3p-bearing secretory vesicles. A mutation in the actin-binding motor domain of Myo2p (myo2-66) severely affected Aip3p localization. However, a mutation in the tail domain of Myo2p known to cause vacuolar inheritance defects (Catlett and Weisman, 1998 ) had a much less disruptive effect on Aip3p localization (see Figure 3) . We interpret these data to indicate that Myo2p delivers Aip3p-bearing vesicles by translocating these vesicles on actin cables.
Our data also demonstrate a requirement for calmodulin in Aip3p delivery. We believe the calmodulin connection to Aip3p localization is most likely through Myo2p. It is known that calmodulin is bound to Myo2p (Brockerhoff et al., 1994) and that calmodulin in other organisms acts as a regulatory light chain for many different species of myosin motors. It is interesting that we observed strong allele specificity in calmodulin mutants with respect to defects in Aip3p localization. The construction and genetic analysis of a set of calmodulin phenylalanine-toalanine mutants previously led to the identification of four distinct functions for yeast calmodulin (Ohya and Botstein, 1994a,b) . Intragenic complementation between the mutants was used to assign them to four functional groups. We found that mutants in one of the four complementation groups were most defective for Aip3p localization and that this defect could largely be attributed to a F12A mutation in calmodulin (see Figure 3) . These data indicate that the function affected in this complementation group is one that serves to activate the Myo2p motor to move late secretory vesicles (Aip3p-bearing vesicles included) on actin cables.
An argument can be made that the secretory pathway involvement in Aip3p localization is indirect and is, for example, due to a failure to deliver a transmembrane receptor for Aip3p to the cell surface. This model could explain the Aip3p localization defects in secretory pathway mutants, but it does not account for the fractionation behavior of Aip3p. By crude fractionation and differential centrifugation (Figure 4 ), velocity gradient analysis (Figure 5) , and floating and density gradient analysis ( Figure  6 ), a pool of Aip3p behaves like a secretory vesicleassociated protein. The sequence of Aip3p has no obvious signal peptide and no potential transmembrane domains and is in fact quite highly charged. Therefore, we believe that Aip3p is a peripherally associated membrane protein and that its association with vesicles must be through an interaction with another membrane-associated protein.
Aip3p is not unique in this behavior; biochemically, Aip3p behaves similarly to the rab-like GTPase Sec4p. Sec4p cycles on and off late secretory vesicles in a mechanism that is believed to be tied to the GTPase cycle of the protein . In crude fractionation experiments analogous to those we performed in Figure 4 , Sec4p also partitions between cytosolic and microsomeassociated pools (Goud et al., 1988) .
What are the proteins directly involved in Aip3p delivery and targeting? We have begun to address this question by defining the sequence elements within Aip3p that are involved in the interactions required for proper protein delivery and localization ( Figure 7E ). Mutational analysis has identified a region at the N terminus of Aip3p that is necessary and sufficient for Aip3p localization. Within this region of Aip3p is a sequence that is conserved with the N terminus of a protein of unknown function from S. pombe ( Figure 8A ). Exogenous overexpression of this domain of Aip3p interferes with Aip3p localization in trans ( Figure 8B) , and the N terminus of the S. pombe homologue can functionally replace the N terminus of Aip3p in the Aip3p localization pathway ( Figure  9B ). These data lead us to conclude that the sets of protein-protein interactions and the pathways required for Aip3p delivery and localization have been conserved and are mediated through a sequence motif we designate as the Aip3p "addressing domain." Several previous observations have suggested that Aip3p localization does not require the actin cytoskeleton. On the basis of the work presented here, it is clear that the Aip3p-actin interaction that led to our initial discovery of Aip3p (Amberg et al., 1997) is unimportant for Aip3p localization (see Figure 7E) . However, the experiments in this article strongly suggest that Aip3p is delivered to the bud site in association with secretory vesicles that are moved on actin cables. When cells are released from G o to G 1 in the presence of the actin disassembly drug latrunculin A, 30% of the cells are able to localize Aip3p to the bud site (Ayscough et al., 1997) . This actin-independent localization likely reflects diffusion of Aip3p to and capture by a receptor for Aip3p at the cell surface, and whether this is free Aip3p or vesicle-associated Aip3p we do not know. Similarly, the observation that Aip3p localization precedes actin polarization during the cell cycle may reflect a diffusion-based mechanism as well. Capture of a small amount of Aip3p may be sufficient to help seed actin assembly at these sites, leading to further polymerization events, including actin cable extension. Once cables have formed, then we expect that Myo2p begins the delivery of large amounts of Aip3p and associated proteins to the bud site so that a polarized actin cytoskeleton can be fully assembled and then maintained. Because actin filaments in cells are unstable and are continuously disassembling (Ayscough et al., 1997) , we expect that maintaining a polarized actin cytoskeleton requires the continual delivery of positive regulators of actin assembly. This may in fact be the major function of secretory pathway-mediated delivery of Aip3p: to deliver Aip3p-associated proteins (such as actin itself) to the bud site, acting like a molecular taxi cab.
This secretory pathway-mediated, Aip3p localization pathway is not used by all cell polarity effectors. Localization of the formin Bni1p, known to interact with Aip3p (Evangelista et al., 1997) , is unaffected by disruption of the secretory pathway. In addition, Aip3p and Bni1p are not dependent on each other for their localization. The phenotypic similarity between aip3⌬ and bni1⌬ strains, the fact that the two proteins interact with each other and show the same localization pattern, suggests they operate in the same pathway, and yet we have found that they are localized by different mechanisms. Collectively, these observations suggest a model for regulation of cell polarity in which different regulators are focused at the cell surface by independent methods and that perhaps it is the spatial overlap of these proteins that leads to the efficient assembly and maintenance of a polarized actin cytoskeleton.
